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Introduction
Falls are a major cause of morbidity and mortality in PD. Postural instability, the major cause of falls, is one of the four cardinal features of PD. As PD advances, falls become a major problem and although medications are available for improving the other cardinal features (tremor, rigidity, and slowness of movements), no pharmaceutical or surgical therapy definitively improves balance function. Despite optimal medical therapy, 70% of persons with PD experience at least one fall a year [1] [2] [3] . Falls are financially costly with one in four falls necessitating use of health care resources [4] .
The cost of falls however is not just financial. Physical mobility is clearly meaningful to persons with PD and is the single most important factor contributing to decline in quality of life [5] . Fear of falling has its own effect and is associated with increased anxiety and depression. This fear can have a major impact, leading to self-induced activity restriction with resultant social isolation and deconditioning [6, 7] .
Vitamin D deficiency is also prevalent in PD. A cohort study following osteoporosis in men found that 21% of the men with PD were deficient and another 50% were insufficient in vitamin D [8] . In the Atlanta area 55% of persons with PD had insufficient vitamin D levels as compared to 41% of persons with Alzheimer's disease [9] . Vitamin D deficiency seems particularly prevalent in more advanced PD, with rates as high as 78% in late stages [10] . This is precisely when balance problems are most prominent.
Early studies designed to look at the effects of vitamin D on fractures in non-PD populations found fall rates were lower in those on vitamin D as compared to placebo [11] [12] [13] . Four of 5 meta-analyses on this topic show benefits of vitamin D, with odds ratios or relative risks for falls ranging from 0.66 to 0.88 [14] [15] [16] [17] [18] . A 2009 meta-analysis showed that higher doses of vitamin D (700-1000 IU per day) were more effective than lower doses (200-600 IU per day) [19] . While the vast majority of studies did not use falls as a primary endpoint, a 2009 study by Pfeifer et al found a 27% decrease in first falls over 12 months in the group receiving 800 IU of vitamin D as compared to placebo [20] . This same group showed improvement in a measure of balance, body sway, with only 8 weeks of vitamin D supplementation [21] . The above was the primary data used in the design of our study. As with many researchers we felt higher doses might offer greater benefit and side effects seemed minimal [22] . However more recent research suggests that in older populations mega doses of vitamin D (300,000 and 500,000 IU given yearly) [23, 24] and even doses as low as 60,000 IU a month and 4,000 IU a day [25, 26] may results in increased falls and fractures. Most of these studies focused on older populations with mean ages typically being in the mid to late seventies.
We chose to focus on balance rather than leg strength because studies in non-PD population have shown vitamin D-dependent improvement in measures of sway, which is not very strength-dependent [21, 27] . Specifically Bischoff-Ferrari saw a 60% decrease in fall rate with vitamin D, and attributed up to 22% of the treatment effect to changes in postural balance and up to another 14% to a changes in dynamic balance. Another study published in 2006 found no improvement in strength after 9 months of vitamin D supplementation, but did find improvements in gait speed and sway [28] . The presence of vitamin D receptors throughout the brain also suggests that there is a central nervous system component mediating the effect of vitamin D upon falls [29] .
The Sensory Organization Test (SOT) was selected as the primary outcome measure for this trial based on a cross-sectional pilot study evaluating the relationship between vitamin D levels and five balance related measures (SOT, backwards translation, unilateral stance, sit to stand, and a walk and turn on a narrow platform) [30] . The SOT was identified as the most suited for an intervention study because of: 1) absence of floor or ceiling effect in PD, 2) a relationship in the pilot between scores on the SOT and performance on the pull test commonly used in clinic assessment of balance in persons with PD, and 3) correlation with falls in non-PD populations [31] .
The objectives of this pilot study were to explore if high dose vitamin D supplementation is safe in persons with PD and if supplementation improves balance. Post hoc analyses were conducted in order to determine how best to design future studies examining the effects of vitamin D supplementation on balance in PD.
Methods

Design
The study was a randomized, double-blind intervention trial to measure the effects of high dose (approximately 10,000 IU/day) vitamin D versus placebo on balance and other motor and non-motor symptoms in persons with PD. All procedures were approved by the Portland VA Medical Center (IRB #2393) and Oregon Health and Science University (OHSU) institutional review board (IRB#6482). Balance, strength, gait, falls, cognition, and mood were measured before and after 16 weeks of high dose vitamin D supplementation or placebo. We confined the study to persons with low levels of vitamin D (25-OH) based on the hypothesis that persons with lower levels will respond more robustly to supplementation, as shown in other Studies [32, 33] . Subjects with vitamin D (25-OH) levels between 21 and 39 ng/ml were randomized 1:1 to active treatment vs placebo. In order to ensure an ethical standard of care for study volunteers, persons with deficient vitamin D (25-OH) levels (<20ng/ml) were automatically enrolled in the active arm of the study, but both the raters and participants were still blinded to lab results and the intervention. 
Randomization.
We used a permuted block randomization scheme to allocate treatments using strata determined by two factors: baseline vitamin D (25-OH) levels (!20-<30 vs. !30-40ng/ml) and baseline composite SOT4-6 (<64 vs. !64). This is based on what is considered insufficiency of vitamin D and the mean normative SOT score for persons 70-79 years old respectively. [34, 35] Those with < 20 ng/ml baseline vitamin D (25-OH) levels were enrolled into the vitamin D supplementation arm and received 10,000 IU of vitamin D for 16 weeks but both participants and raters were blinded to treatment status. The VA pharmacy, not involved in any other aspects of the study, did the randomization by number using randomization.com. The study coordinator was responsible for participant enrollment.
Intervention. Subjects were assigned to one of two groups: (1) placebo plus 1000 mg calcium carbonate or (2) high dose vitamin D plus calcium. In order to approximate 10,000 IU per day with a study drug that contained 13,600 IU per dose, all participants were instructed to take the capsules and calcium carbonate Monday thru Friday. For those in the active arm the weekly dose of vitamin D was 68,000 IU. The dosage given was the same for all participants in the active arm of the study.
The vitamin D was obtained from Capsugel and the calcium carbonate directly from the VA pharmacy (BTR Group Inc is source). The vitamin D placebo was also manufactured by Capsugel and had an identical appearance to the active capsule.
Outcome measures
All measures were recorded at baseline and after 16 weeks of supplementation except where stated.
Balance Measures: The primary outcome measure was the composite score of static and dynamic balance, as measured by the Sensory Organization Test (SOT) using dynamic posturography. The SOT is carried out using computerized posturography, a system with a moveable surround and platform that contain multiple force plates recording weight transfer. Subjects are placed in a harness and stand on the platform. There are 6 different scenarios. For condition 1-3 the platform is stable and the subject is told to stand as still as they can, first with eyes open (1), then closed (2) , then eyes open with the surround in motion (3). For condition 4-6 the base moves in response to the subject's own motion, termed sway reference. Scenario 4 is with eyes open, scenario 5 is with eyes closed, and scenario 6 is with the surround moving. Each scenario has 3 trials. Weight movement in the anterior posterior direction is rated on a score of 0 (a fall) up to 100.
Gait measures. The iMOBILITY device was used to examine gait during a timed up and go test (TUG). Specifically the participant sat in a chair and when told to start, rises, walks to a line 3 feet away, turns, and returns to a seated position. The sensors are interfaced with a computer and record multiple metrics including arm swing, asymmetry, number of steps, and turn duration. We specifically used the turn duration in the analysis.
Strength measures. We measured strength of leg flexion and extension using a computerized dynamometer, Biodex. We were able to calculate total work and power using this device [36] . We used total work as the primary strength measure for the analysis.
Falls. Subjects were given a diary in which to record their falls at the screening visit. They were instructed to write the time of day of the fall, what they were doing when they fell, if they sustained an injury, and classify it as a fall or near fall. Falls were defined to subjects as unintentionally coming to rest on the ground, or another lower level such as a chair, toilet, or bed [37] . A near-fall was defined as a slip (sliding of the support leg), trip (impact of the swinging leg with an external object) or loss of balance where the person starts to fall but is able to stop or prevent the fall to the ground or other lower surface [38] . Subjects were asked in person every 4 weeks when they met with the study coordinator how often they fell and the diary was reviewed. We had very poor compliance with this portion of the study so the available data was limited.
Quality of life (QOL) measures. We used the Nottingham health profile (NHP), a general QOL measure, and the PDQ-39, a PD specific scale [39, 40] . Both questionnaires generate a score of 0 to 100. The NHP asks 38 yes or no questions in categories of emotional reactions, sleep, energy, pain, physical mobility, and social isolation. The PDQ-39 has 39 items in categories of mobility, activities of daily living, emotional well-being, stigma, social support, cognitions, communication, and bodily discomfort. Both scales have been validated for use in PD [40] . Because fear of falling also results in limitation we will perform the 16 item Activities-specific Balance Confidence (ABC) Scale at visits 1 and 5 [41] . The ABC scale questions percent confidence (0-100%) subjects have for not losing their balance during a variety of activities. Depression was measured using the profile of Mood States (POMS) questionnaire, a 30-item mood questionnaire.
Safety labs. Blood was drawn every 4 weeks to serum check vitamin D (25-OH), ionized calcium, phosphate, and creatinine. Limits for concern were vitamin D (25-OH) above 100 ng/ ml, ionized calcium above 1.23 mmol/L, phosphate above 5.5 mg/dL, and creatinine 30% higher than baseline.
Possible confounders. Our additional testing for possible confounders included a measure of PD severity-The Unified Parkinson's Disease Rating Scale (UPDRS) motor score [42] 
Statistical analysis
Because of the pilot nature of the study and the small sample size, a completers' analysis was performed on the randomized patients. The evaluation of the effect of the vitamin D intervention was carried out using ordinary least-squares (OLS) regression directly on the change in outcome for those assessments completed only at baseline and end of study (i.e. balance, strength, cognitive measures), or with linear mixed effects models for those assessments completed multiple times (i.e. serum vitamin D) in order to account for inter-correlation within subjects.
For all models, the principal contrasts of interest were the effects of the vitamin D intervention on the outcomes by contrasting subjects randomized to vitamin D intervention against the placebo controls to assess the overall vitamin D effect and correlating the on-treatment changes in plasma vitamin D with the changes in study outcomes. We focused on the randomized subjects and did not include those with lower vitamin D levels enrolled only in the active intervention.
Initial exploratory data analysis included simple linear modeling of the outcome variables with the vitamin D intervention with final models correcting for age, gender, disease duration and values at baseline. Given the large number of study outcomes and to account for the multiple comparisons of vitamin D intervention, a Holm-Bonferroni stepwise correction was applied to the sets of p-values from the multiple regression models according to test domain after covariate correction and according to test domain including: clinical and computerized balance, computerized gait, strength, clinical quality of life and mood, executive function, memory, attention, and processing speed. Model integrity was evaluated using standard diagnostic procedures for linear regression models including sensitivity assessment on potential leverage points and assessment of the normality and homogeneity of the outcome residuals.
Sample size. We based our power calculation on the primary outcome, the composite SOT (cSOT) score from computerized posturography, for Aim 1. Using our preliminary data on 20 subjects the average cSOT (SD), excluding one score of zero, was 58.5 (19.1) [30] . For conducting a power calculation on the cSOT measure we assume that 10% of subjects will score zero at baseline and follow-up. Among the remaining subjects, we assume SD's of 19.1 at baseline and follow-up, that the high dose group will have an average score that is 8.8 points higher than at baseline (15% change from 58.5) and the placebo group shows no improvement. There are not studies looking at changes in SOT with vitamin D supplementation, but the Pfeifer did look at body sway, finding a 15% greater improvement in body sway in the intervention versus the control group [21] . With 10% zeros this 15% change among the non-zeros translates to a mean difference in change of 7.9 points. The SD of the changes from baseline depends on the SD's at baseline and follow-up and on the correlation between baseline and follow-up measures. We hence obtained sample size requirements using a range of correlation coefficients.
Using simulation with PASS 2008 software, we determined the sample sizes needed to detect the 7.9 point mean difference indicated above with 80% power at significance level 0.049 (allowing for an interim analysis at significance level 0.01) for correlations between 0.5 and 0.75, Table 1 . The simulation method was based on the Mann-Whitney nonparametric test which is more conservative in this setting than a t-test procedure (that is, using a simple ttest for the simulation would result in smaller required sample sizes). With 0.66 for correlation, we would require 63 subjects per group. Allowing for 10% drop-out we will then plan to recruit 70 subjects per group (this included those with low levels of vitamin D).
Interim analysis. Our planned interim analysis was based on when half of the targeted subjects (including those with vitamin D levels <20ng/ml) have completed the follow-up visit. Specifically we planned to conduct an interim analysis of the primary outcome using a significance level of 0.01. This was felt appropriate to ensure additional safety for patients.
Results
One hundred and one participants were consented and screened for this study Fig 1. Thirtythree were screen failures (33%), primarily because of vitamin D concentration above 40 ng/ ml. There were 68 subjects receiving at least one dose of study drug, mean age (67.2, SD = 8.3), 76.5% male, mean H&Y = 2.3 (SD = 0.4), mean baseline vitamin D = 27.6ng/ml (SD = 7.8), and mean years since diagnosis 9.6 (SD = 6.7). In order to ensure that vitamin D-deficient participants were not denied supplementation, ten participants with baseline vitamin D (25-OH) < 20 ng/ml were not randomized, but were treated with vitamin D and followed according to protocol otherwise. Of the remaining 58 subjects randomized to vitamin D vs placebo, seven were withdrawn by the investigator for visit non-compliance (multiple attempts of phone contact were made prior to withdrawing any subjects) or minor unrelated illnesses. There were 51 randomized participants analyzed in the completers' analysis. The groups were well matched in terms of age, gender, disease severity, and baseline serum vitamin D levels Table 2 . Recruitment started July 2011 and last date of follow-up was January 2015. The trial was stopped after the interim analysis did not show impressive findings and funding was no longer available.
In the randomized vitamin D group, serum vitamin D (25-OH) concentrations rose from 30.2 ng/ml to 61.1 ng/ml, while in the placebo group serum levels remained fairly stable over the five months of the study, 29.4ng/ml to 27.8 ng/ml Fig 2. In the non-randomized vitamin D group levels rose from 14.7ng/ml to 44.6 ng/ml.
On the primary outcome measure, change in total SOT, there was not a significant improvement in the vitamin-D treated group (p = 0.43) Table 3 . There were non-significant trends in favor of vitamin D in verbal fluency (p = 0.157 for vegetables, p = 0.137 for animals), Table 3 .
However, in a post hoc analysis which divided the groups by median age to those age 67 or older and those 66 or younger, a significant effect of vitamin D treatment was detected on the total SOT score which improved by 10.6 points in the younger vitamin D cohort compared to the older one (t = 2.59, p = 0.012), Fig 3. This post hoc analysis split at the median age did not identify other significant treatment effects of vitamin D. The individuals non-randomly treated with vitamin D were analyzed separately. In this small group (n = 10), no change from baseline in SOT or other relevant outcome measures was appreciated. The vitamin D intervention appeared safe Table 4 . There were no serious adverse events. There were no concerning values in the safety monitoring labs: ionized calcium, phosphate, creatinine.
Conclusion
This pilot study of vitamin D in Parkinson's disease found no evidence of a significant treatment effect on any of the primary or secondary outcome measures. The statistical power of the study is admittedly limited but there may nevertheless be some lessons for future studies of vitamin D in PD. For example, the observations that there was no plateau in serum vitamin D in either of the treated groups suggests that 4 months of follow-up may be inadequate for drawing conclusions about either efficacy or toxicity with this type of dosing schedule. The safety profile overall is encouraging, but needs to be considered in light of risks of supra-therapeutic vitamin D levels which have been highlighted by research completed since the initiation of this pilot study. These studies suggest a "U-shaped" response to vitamin D (25-OH), with levels greater than 40-45 ng/ml associated with a paradoxical increase in falls and fractures [22] . Animal research suggests that effects of exogenous vitamin D may be different at higher levels, possibly when high enough to suppress parathyroid hormone secretion [43] . It may be important to note that the clinical studies of adverse effects of high dose vitamin D came from [23] [24] [25] [26] , which includes only a portion of patients with PD. In this pilot study, the average age was 67, and in fact the post hoc analysis identified evidence of a vitamin D effect upon balance as measured by the total SOT in the younger half of the cohort (mean age 60 years). This finding raises the possibility of an age-dependent role for vitamin D in Parkinson's disease. It will be important to address the issue of confounding age effects in any future studies of vitamin D in Parkinson's disease. 
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